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TaBLE 3.—Solar radiation intensities at Lincoln, Nebr. (State Uni-

versity farm)—Continued.

[Gram-calories per minute per square centimeter of normal surface.]

Date.

Sun’s zenith distance.

(1. 10)

]

179.8° | 80.7°
5.5 | 6.0
Gr.- | Gr.-

0.85 0.£9.

1.03 70,89,

(0. 86),(0. 98)
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SOLAR RADIATION MEASUREMENTS AT MADISON,
WIS., 1913-1915.

By HerBerr H. KimBaLL, Professor of Meteorologv, and Eric R.
MiLiLER, Local Forecaster.

[Dated: Washington, D. C., Feb. 15, 1016.]

The radiation measurements summarized in Table 3
below are in continuation of those for the period July,
1910, to June, 1912, inclusive, published in the Bulletin
of the Mount Weather Observatory, 1912, 5 : 177-181.
These latter are included on the monthly means of
Table 3, which are the arithmetical means of all the
A. M. or P. M. published measurements at the respective
air masses for months of the same name.

The means here given are generally lower than those
summarized in the Bulletin above referred to, p. 182,
Table 2, and especially during the early months of the
year. This is no doubt due in part to the marked de-
pression in radiation intensities during the latter part of
1912 and most of 1913, following the eruption of Katmai
voleano in Alaska in June, 1912.' Undoubtedly, how-
ever, the occasions are rare when such high values as
those of the early months of 1911 and 1912 will be meas-
ured at Madison, since the atmosphere at that place is
apt to be more or less smoky, especially during the
winter months.

TaBLE 1.—Comparison of radiation intensitics measured al different
glations with exceptionally clear skies.

[Gram-calories per minute per square centimeter of normal surface.]

Air mass.
Station. Date. 7 ———
1.6 |20} 25| 3.0 3.5 4.0
@r.- | Gr.- | Gr.- | Gr.- | Gr.- | Gr.-
cal. | cal. | cal. | cal. | cul. | cul.
Madison, Wis.......... Sept. 4, I914........... 1.37 | 1,20 | 1.18 | 108 j......|......
Mount Weather, Va....| Sept. 28,1014.... 2} 1481140, 1.32 , 1.26 \.....j.._...

Madison, Wis ..; Dec.30,1914....
Washington, D. C. .| Dee. 26, 1914....

Madison, Wis..........
Lincoln, Nebr..........
Santa Fe, N. Mex

On December 30, 1914, and December 28, 1915, the
highest December radiation intensities of record at Mad-
ison were obtained, and on September 4, 1914, the high-
est September intensities. It is of interest to compare
these with intensities at other stations at about the same
time, as has been done in Table 1. The intensities meas-
ured at Mount Weather, Va., on September 28, 1914, are
the highest September intensities ever measured at the
station. Likewise, those for Washington on December
26, 1914, are the highest intensities for corresponding air
masses measured at Washington in any month. This is
also true of the measurements at Lincoln, Nebr., on De-
cember 28, 1915, while those obtained at Santa Fe on
December 24, 1915, are the highest December radiation
intensities yet measured at that station.

Marvin pyrheliometer No. 5, of the spiral-ribbon
type, which became the station instrument at Madison
on November 24, 1911, has been in continuous use since
that date. It was recompared with Smithsonian silver-
disk pyrheliometer No. 1 during March and April, 1912,
and again in March, 1915. The results are given below in

1 See Bulletin of the Mount Weather Observatory, 1914, 6 : 208, fi 1, for a graphic
presentation of this depression. il ? »HEare &y
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Table 2, and do not indicate any change in the constants TasLr 3.—Solar radiation intensities at Madison, Wis., 1918 to 1915,
of the instrument. inelusive—Continued.
TABLE 2.— Co‘mpaﬁson of pyrheliometers ¢t Madison, Wis [Gram-calories per minute per square centimeter of normal surface.]
Rk tt ] , Wis.
Smith Rati Sun’s zenith distance.
mith- " Yatio:
Date, sonian Lﬁf‘gn __Marvin © ;
No. 1. *™  |'Smithsoriar 0.0° [ 48.3° | 60.0° | 66.5° | 70.7° | 73.6° | 78.7° | 77.4° | 78.7° | 79.8° | 80.7°
Date. !
1911, Gr.-cal, Gr.-cal, i
NoV. uerrernecrenn e 1.30 1361 | 0.994 Alr mass.
: 1.375 1.380 ! 1.004 -
: 1.0 15| 20|25 30|35 |40] 45 50| 55 | 6.0
1.361 1.549 | 0.991 _
1.481 1.509 | 1.019
1.519 1.503 ! 0.939 EThre
1.251 1.943 0.005 Feb. L......
1.282 1,358 | 0.951 Savrnnnn
1.018 1.002 | 0.956 Mo......
| 16,0000
2% .iiee.
Mar. 26......iieiiiieiiieainaes 1.449 1.436 1.026
2.... 1.500 1.529 1.019 1915.
sy ! 1.333 1.425 ! 1.030 Feb. S.oo.o.feeeenc]anenen
L7 OO i 1.404 *1.417 1.009
B0 i tiancaancrarac e naaas H 1.394 1.391 | 0.998
L7 I rmeeranamaa—. i 1353 1372 | 0.3z
]

%A fter resooting surface of the Marvin instrument.

For more detailed information relative to exposure of  Fen
instruments and methods of observation the reader is
referred to this number of the Review, page 2.

TaBLE 3.—Solar radiation intcnsities at Madison, Wis., 1913 to 1913,
inclusive.
[Gram-calories per minute per square centimeter of normal surface.) Feb.
Sun’s zenith distance.
- - - Feb.
0.0° | 15.3° | 60.0° | 66.5° | 70.7° | 73.6° | 78,50 | 7740 [ 78.7° | ru.80 | s0.7e
Date. : i I
- Alr mass.
' : N
L0 |15 {20 25|30 35 55 | 8.0
A M, Gro| 61| Gre| 61| Gr ' Gr-| Gre i G Mar.
1913. cal. | cal. | cal. al, | cad. | cal. | cul. | enl,
Jan. 8 . Nk . |
Jan.

Jan.

Jan. 22

Jan.
Means (1911-
18;

A, M,
1913.

Feb. 1.
3

Pkt
B8

YT Y S

B gt g

Means (1911-
1015).......
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Tanre 3.—Solar radiation intensities at Madison, Wis., 1913 to 1915, ‘TaBLE 3.—Solar radiation intensities at Madison, Wis., 1913 lo 1915,

inclusive—Continued. inclusive—Continued.
[Gram-calories per minute per square contimeter of normal surface.) [Gram-calories per minute per square centimeter of normal surface.)
Sun’s zenith distance, Sun’s zenith distance.
“ |
0.0° ]48.3° | 60.0° | 66.5° | 70.7° | 73.6° | 78.7° { 77.4° | 78.7° | 79.8° | 80.7° 0.0° | 48.3° | 60.0° | 66.5° | 70.7° | 73.6° ! 78.7° | 77.4° | 78.7° | 79.8° | 80.7*
Date. Date. !
Air mass. Afr mass.
10 {15)] 20| 25|30 35| 40| 45| 50 | 55 | 6.0 10|15 20| 25|30 35| 40 | 45 | 50 | 55 | 6.0

Apr.

Apr. 2. oo f-anil 131|121} 113 | L04 .o oitafenmaia]ennaneacinnfaeenns July

1988)...... Lee Ly lnor AUg. Beren.... SR 1YY PR TN N AU AU SO S SRR
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Tanre 3.—Solar radiation intensities at Madison, Wis., 1913 to 1915, TaBLE 3.—Solar radiation inlensilies at Madison, Wis., 1918 to 1915,

inclusive—Continued. inclusive—Continued.
[Gram-calories per minute per square centimeter of normal surface.} [Gram-calories per minute per square centimeter of normal surface.)
8Sun’s zenith distance. Sun’s zenith distance.
0.0° | 48.3° | 60.0° | 66.5° [ 70.7° | 73.6° | 78.7° [ 77.4° | 78.7° | 78.5° | 80.7° 0.0° | 48.3° } 60.0° | 66.5° [ 70.7° | 73.6° | 78.7° | 77.4° | 78.7° | 79.8° | 80.7°
Date. Date.
Air mass, Afr mass.
1.0 | 1520 ) 25 | 3.0 ; 3.5 ] 40 ; 40 | EDO | 55 | v.0 10 | 15| 20§ 25 | 3.0 ) 3.5 40| 45| 50 | 55 | 6.0
P. M. @r.- | Gr- | Gr.- | Gr.- : Gr.-
1915. cal. | cal. | cal.| cal.| ecal.
Aug. 18. 1.18 0.83
19. 1.25
30t 1.11

Means (1910~
1015 RN 1.120.99 | 0.88 | 0.75 ) 0.87 ) 0.70 ; 0.58 ) 0.48 |.._. .|......

Nov.

Dec.

Dec. 4
1

. Dec. 11........f...... [ P [ .

Means (1910-
19]

. fesensn veerae| 114
| PPN eveadd 1471137 10,00
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TasLe 2.—Solar radiation iniensities at Madison, Wis., 1913 to 1915,
inclusive—Concluded.

{Gram-calories per minute per square centimeter of normal surface.]

]
i Sun’s zenith distance.
i

‘ 0.0° | 48.3° | 60.0° | 66.5° | 70.7° : 73.6° | 75.7° | 77.4° | 718.7° ! 79.8° | 80.7°
H - H t
Date. — - - :
Air mass.
10 15|20 25130 | 35| 40 | 45 | 50 | 55 | 6.0

A. M, Gr.-

Gr.-

Means (1010~ i |
b 1) 15 PN PR PO (— feaees 1.2 I 1,10 { 0.23 . ........................
I ] |
Oy
DURATION OF TWILIGHT.!

By twilight we mean the light experienced after sun-
set and before sunrise, and due to the reflection,
diffraction, or diffusion of sunlight by the gas mole-
cules, the water particles, and the dust of the atmos-
here. The greater the distance of the sun below the
orizon the higher and less demse are the atmospheric
layers from which the light is received at the shaded sur-
face of the earth. Observation has shown that under the
most favorable atmospheric couditions the last trace of
twilight disappears when the sun is from 16° to 18°
below the horizon, indicating that above a height of 40
to 50 miles, or 60 to SO kilometers, the air is too rare to
reflect or diffuse an appreciable amount of sunlight.

The duration of twilight may be computed from the
equation:

sin @ — sin ¢ sind
cos b = —
cos ¢ cos &

where @ is the sun’s altitude, considered minus below the
horizon, 5 is the solar declination or distance from the
celestial equator, ¢ is the latitude of the place of observa-
tion, and A is the sun’s hour angle from the meridian.
From the above equation it will be found that at the
uator, at the time of the equinoxes, when the apparent
path of the sun is along the prime vertical, it takes the
sun 1 hour and 12 minutes to pass from the horizon to a
point 18° below it, or vice versa. At the solstices, when
the sun appears to describe a small circle about the earth’s
axis 233° from the prime vertical, the time is 1 hour and
19 minutes. At latitude 49° or the latitude of the
northern boundary of the Uuited States, where the sun’s

1 Reprinted from the paper “Daylizht illumination and the intensitv and duration
of twsrlrght,” H. H. Kimball, Ph, D., presented to the l'ittshurgh Section of the
Tluminating Engineering Soeiety, Cleveland, Ghio, Feb. 15, 1916, and printed by the
soojety in its Transactions.
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apparent path is inclined 49° to the plane of the prime
vertical, at the equinoxes it takes 1 hour and 52 minutes
for the sun to pass from the horizon to a point 18° below.
At the time of the winter solstice it takes 2 hours and 3
minutes, while at the time of the summer solstice the sun
does not reach 18° below the horizon. In fact, there is a
period of 22 days, from June 10 to July 2, inclusive, dur-
mg which on the clearest nights the ‘twilight may con-
tinue from sunset to sunrise.

Soon after sunset on very clear evenings there fre-
quently appears in the western sky a rosy or purple glow,
in the form of an arc about 20° to 25° in diameter with the
sun at its center. It disappears when the sun is about 6°
below the horizon, indicating that it comes from atmos-
pheric layers not more than 5 or 6 miles (8 to 10 kilome-
ters) above the surface of the earth. It isin these layers
that convective action principally occurs, and they are
therefore the dusty layers, as well as the layers that con-
tain most of the atmospheric moisture. The purple glow
is attributed to the diffraction of light by theuﬁ[:lst. and
water particles in these layers. During the day the same
process produces the whitish glow that is seen aboutthe
sun in clear weather.

With the disappearance of this glow the intensity of
twilight becomes insufficient for the continuance of out-
door occupations. Hence it is the duration of this por-
tion of the twilight, which Europeans term eivil twilight,
that is of practical interest and especially to those engaged
in pursuits having to do with transportation, or any other
line of out-door work that requires artificial lighting after
nightfall, either for illumination or for signal purposes.

e intensity of twilight is not entirely dependent upon
the position of the sun, however. The state of the sky is
a modifying factor. Clouds on the western horizon, or a
hazy condition of the atmosphere that may be due to
either dust or moisture, noticeably diminish the twilight
intensity, and in the case of very dense clouds may almost
completely obliterate it. It is believed, however, that
Table 1, which gives the duration of civil twilight or the
time re(luired for the sun to pass from the horizon to a

oint 6° below or vice versa, will he found useful to
eather Bureau officials and others. But it must be
understood that the duration as given applies to clear sky
conditions only and is too long for cloudy or hazy condi-
tions. Furthermore, high mountains and buildings, or
any objects that obstruct the horizon near where the sun
rises or sets, will diminish the duration of twilight. It
will be noted that at the Equator civil twilight only varies
in duration from 24 minutes at the equinoxes to 26 min-
utes at the solstices, while at latitude 48°, near the north-
ern boundary of the United States, it varies in duration
from 36 minutes at the equinoxes to 43 minutes-at the
winter solstice and 48 minutes at the summer solstice.
At Cleveland the variation is from 32 minutes at the
equinoxes to 37 minutes at the winter solstice and 39 min-
utes at the summer solstice.

Table 1 gives the difference between the time when
the center of the sun reaches the true horizon and the time
it reaches a point 6° below, or vice versa. Without mate-
rial error, we may add this interval to the time of sunset
given in the Weather Bureau Sunshine Tables, or subtract
it from the time of sunrise, to obtain the time of ending
of civil twilight in the evening or its beginning in the
morning. The time thus determined will be that at which
the upper limb of the sun is 6° lower than it was at the
time it appeared to rise or set on a true horizon, assuming
normal atmospheric refraction, and mean solar diameter,



